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Mutations in the U2 snRNP component SF3B1 are prominent in myelodysplastic syndromes (MDSs) and other
cancers and have been shown recently to alter branch site (BS) or 3′ splice site selection in splicing. However, the
molecular mechanism of altered splicing is not known.We show here that hsh155mutant alleles in Saccharomyces
cerevisiae, counterparts of SF3B1mutations frequently found in cancers, specifically change splicing of suboptimal
BS pre-mRNA substrates. We found that Hsh155p interacts directly with Prp5p, the first ATPase that acts during
spliceosome assembly, and localized the interacting regions to HEAT (Huntingtin, EF3, PP2A, and TOR1) motifs in
SF3B1 associated with disease mutations. Furthermore, we show that mutations in these motifs from both human
disease and yeast genetic screens alter the physical interaction with Prp5p, alter branch region specification, and
phenocopy mutations in Prp5p. These and other data demonstrate that mutations in Hsh155p and Prp5p alter
splicing because they change the direct physical interaction between Hsh155p and Prp5p. This altered physical
interaction results in altered loading (i.e., “fidelity”) of the BS–U2 duplex into the SF3B complex during prespli-
ceosome formation. These results provide a mechanistic framework to explain the consequences of intron recog-
nition and splicing of SF3B1 mutations found in disease.
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Over the past several years, a large number ofmutations in
human splicing factors have been identified that correlate
with a subset of myelodysplastic syndromes (MDSs) char-
acterized by increased ring sideroblasts (Abdel-Wahab and
Levine 2011; Malcovati et al. 2011; Papaemmanuil et al.
2011; Yoshida et al. 2011), chronic lymphocytic leukemia
(CLL) (Rossi et al. 2011; Wang et al. 2011; Quesada et al.
2012; Landau et al. 2013; Strefford et al. 2013; Wan and
Wu2013), and breast (Ellis et al. 2012), pancreatic (Biankin
et al. 2012), uveal (Furney et al. 2013; Harbour et al. 2013),
and other cancers (Hahn and Scott 2012; Kong et al. 2014).
The accumulation of disease-related mutations in the
spliceosome, the machinery for intron recognition and re-
moval, correlates with aberrations in alternative splicing
that have been suggested to contribute to tumorigenesis
(Tazi et al. 2009; Zhang and Manley 2013; Sveen et al.

2016). Disease-related mutations cluster in proteins in-
volved in spliceosome assembly, particularly ones impor-
tant for intron recognition, such as SF3B1 (also known
as SAP155, SF3b155, and Hsh155p), SRSF1, and U2AF
(Yoshida et al. 2011;Quesadaet al. 2012). Indisease-related
SF3B1 mutants, changes in branch site (BS) usage have
been identified (Darman et al. 2015; Alsafadi et al. 2016;
Kesarwaniet al. 2016); however, themechanismsbywhich
these mutations affect splicing are largely unknown.

The spliceosome is a dynamic RNA–protein complex,
highly conserved from yeast to humans, composed of five
snRNAs and >150 proteins that recognize three intronic
consensus sequences—5′ splice site (SS), BS, and 3′SS—
for their removal and subsequent exon ligation (Will
and Luhrmann 2011; Hoskins and Moore 2012). Intron
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recognition initiateswith the recruitment ofU1 snRNP to
the 5′SS, SF1 (BBP) recognition of the BS, and U2AF bind-
ing to the 3′SS. Subsequent replacement of SF1 by U2
snRNP allows base pairing between the BS and U2
snRNA, forming the prespliceosome and defining the BS
region or BS–U2 duplex (Wahl et al. 2009). The U4/U5/
U6 tri-snRNP complex joins and major RNA–RNA and
RNA–protein rearrangements occur to form an activated
spliceosome (Bact) and, subsequently, the catalytically ac-
tive spliceosome (C complex) (Staley and Guthrie 1998;
Wahl et al. 2009). Eight spliceosomal DExD/H ATPases
remodel RNA and RNA–protein complexes and are essen-
tial for the progression of spliceosomal assembly and dis-
assembly. In addition, they enhance splicing fidelity
through kinetic proofreading (Burgess et al. 1990; Mayas
et al. 2006; Xu and Query 2007; Koodathingal and Staley
2013).
SF3B1 is the largest component of the 450-kDa hetero-

heptameric SF3B complex, a subunit of 17S U2 snRNP
and the analogous minor spliceosomal U12 snRNP (Will
and Luhrmann 2011). SF3B1 binds and cross-links to
pre-mRNA on both sides of the intron BS region (Gozani
et al. 1998;Will et al. 2001;McPheeters andMuhlenkamp
2003; Lardelli et al. 2010). It additionally binds SF3B6
(a protein that directly contacts the BS adenosine) and to
U2AF (a dimeric protein complex that binds polypyrimi-
dine tract and 3′SS) through its N-terminal domain (Will
et al. 2001; Schellenberg et al. 2006; Spadaccini et al.
2006). The C-terminal domain, where the most common
disease-related mutations lie, contains 22 HEAT repeats
(domains originally found in Huntingtin, EF3, PP2A, and
TOR1), each of which consists of two anti-parallel α heli-
ces and which together are thought to represent flexi-
ble protein interaction surfaces (Fig. 1A; for review, see
Andrade et al. 2001). This suggests that mutations in
SF3B1 may have effects during spliceosomal assembly
and fidelity. In the cryo-electron microscropy (cryo-EM)
structures of the Bact complex (before first-step catalysis),
the SF3B1 HEAT motifs adopt a torus or ring-like struc-
ture through which the 3′ end of the intron is threaded; in
addition, the first and lastHEATs cradle the BS–U2duplex
(Rauhut et al. 2016; Yan et al. 2016). The SF3B complex is
displaced upon conversion to the active spliceosomal C
complex by ATPase Prp2 (Warkocki et al. 2009; Lardelli
et al. 2010) and is not present in the cryo-EM structures
of complexes immediately after first-step catalysis (Galej
et al. 2016; Wan et al. 2016).
The ATPase Prp5 is involved in the formation of U1:U2:

intron complexes (prespliceosomes, also known as com-
plex A) (Ruby et al. 1993; O’Day et al. 1996; Xu et al.
2004). Prp5 interacts withU1 snRNP through its N-termi-
nal SR-like domain andwith theU2 snRNP SF3B complex
through its DPLDmotif, providing a U1:Prp5:U2 platform
for prespliceosome formation (Xu et al. 2004; Shao et al.
2012). Mutations in both the ATPase domain and the
DPLD motif of Prp5 modulate splicing fidelity, specifi-
cally favoring the recognition and use of suboptimal sub-
strates at the BS region (Xu and Query 2007; Liang and
Cheng 2015). SF3B1 mutations affect alternative splicing
by promoting the use of alternate branch points (Furney

Figure 1. SF3B1 mutations found in human diseases cause al-
tered branch region splicing fidelity in Saccharomyces cerevisiae.
(A) Seven conserved residues of human SF3B1 that are frequently
mutated in human MDS and CLL diseases (Yoshida et al. 2011;
Quesada et al. 2012) and their counterparts in S. cerevisiae

Hsh155p. (B) Scheme of ACT1-CUP1 splicing reporters. Mutant
reporters used in this study are indicated in red; the BS–U2
RNA duplex is indicated. (C )ACT1-CUP1 copper reporter assays
indicate thatmost diseasemutation-containing hsh155 alleles ei-
ther improved or exacerbated splicing activities of the BS-U257C
reporter but not of the wild-type reporter. Multiple mutations at
residuesH331 andK335were tested; other residueswere based on
human disease mutations. (D) Intron mutations that reduce pair-
ing with U2 snRNA (U257C and A258C) are sensitive to hsh155

mutations analogous to those found in human disease, whereas
the 5′SS, 3′SS, and branch nucleophile mutations are not.
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et al. 2013; Darman et al. 2015; DeBoever et al. 2015; Alsa-
fadi et al. 2016), similar to prp5 mutants in yeast (Xu and
Query 2007).

Here, we show that disease-related SF3B1 mutations
alter splicing of suboptimal introns in yeast. We demon-
strate that SF3B1/Hsh155p interacts directly with Prp5p
through its HEAT repeat domain, specifically HEAT re-
peat fragments (HEATs) 1–6 and 9–12. These HEATs
contain the sites of predominant disease mutations, and
these mutations alter SF3B1/Hsh155p–Prp5p interaction,
which we demonstrate by protein interaction assays
using purified proteins and yeast lysates. Hsh155p muta-
tions exhibit altered branch region fidelity similarly to
Prp5p mutations. Together, these results lead to a model
in which mutations in either SF3B1/Hsh155p or Prp5p al-
ter the kinetics of BS–U2 duplex loading into the SF3B
complex.

Results

MDS and CLL mutations in SF3B1 alter splicing
of suboptimal introns in Saccharomyces cerevisiae

Dozens of SF3B1 mutations have been identified from pa-
tients with MDSs (Papaemmanuil et al. 2011; Yoshida
et al. 2011) and chronic lymphocytic leukemia (Wang
et al. 2011; Quesada et al. 2012; Landau et al. 2013) clus-
tered within the 22 highly conserved HEAT repeats at
the C terminus. To address how SF3B1 disease mutations
mechanistically affect splicing, we selected seven resi-
dues that are conserved between humans and yeast and
are frequently mutated in human diseases, including
E622, Y623, R625, and N626 in HEAT motif 5; H662
and K666 in HEAT motif 6; and D781 in HEAT motif 9
(Fig. 1A; Supplemental Fig. S1). The K700 residue, most
frequentlymutated in disease, is not conserved in budding
yeast and thus was not included in this analysis. We con-
structed analogousmutations in the S. cerevisiaeHSH155
gene (the homolog of human SF3B1) and tested their splic-
ing activities in vivo using the well-characterized ACT1-
CUP1 reporter, which allows cell growth on copper-con-
taining media in proportion to the splicing of the reporter
gene (Fig. 1B; Lesser andGuthrie 1993). To test a variety of
defects in the splicing pathway, we used mutations at the
5′SS region, branch region, and 3′SS region that produce
suboptimal introns that are defective at different stages
in the splicing pathway. None of these hsh155 alleles
changed the efficiency of the 5′SS, BS nucleophile, or
3′SS mutants in comparison with wild-type HSH155
(Fig. 1C,D), although all of the tested mutant reporters
can be improved or exacerbated by other known spliceoso-
mal mutations, such as prp28 for the 5′SS (Yang et al.
2013), prp16 for the BS nucleophile (Burgess et al. 1990),
or prp8 for all the three sites (Query and Konarska 2004).
Of the eight hsh155 alleles in Figure 1D, some improved
and some inhibited splicing of the BS-U257C and BS-
A258C reporters (which reduce base pairing with U2
snRNA) (Fig. 1B), suggestive of altered proofreading at
the BS region and phenocopying the effects of prp5
ATPase mutants (Xu and Query 2007). We thus focused

on branch-flanking mutations and the potential for inter-
action with Prp5p.

A screen for factors that modulate branch region
selectivity yields Hsh155p/SF3B1 and other U2 snRNP
components

Because we identified suboptimal branch region muta-
tions as specifically affected by disease-related hsh155
mutations, we wanted to broadly identify factors that
could modulate this intron defect. To screen genome-
wide, we used a strain containing the BS-U257C reporter
andURA plasmid-borne PRP5UV-mutagenized and repli-
ca-plated onto a variety of copper concentrations (Fig. 2A).
One-hundred-ninety-four colonies were selected; those
containing ACT1-CUP1 recombinants (i.e., recreating
wild-type intron) were discarded, and the remainder
were investigated by a variety of traditional genetics and
genome sequencing (Fig. 2B). (1) By plasmid shuffling
that replaced the wild-type PRP5-URA with a wild-type
PRP5-TRP plasmid (using the chemical reagent 5-FOA),
we identified several strains carrying mutated prp5-
K379G-URA that, when isolated, improved U257C splic-
ing, as expected (Fig. 2B). (2) We tested all strains for syn-
thetic lethality with the prp5-SAT-to-GAR allele, which
has severely reduced ATPase activity (Xu and Query
2007), identifying seven such strains. We then used a ge-
nomic library (Hvorecny and Prelich 2010) to rescue the
synthetic lethality. All genomic plasmids that rescued vi-
ability carried PRP9 (a U2 snRNP SF3a component), and
subsequent sequencing of the PRP9 locus in these strains
revealed that all carried an R341K mutation. (3) The re-
maining strainswere subjected towhole-genomeDNAse-
quencing followed by SNP analysis compared with the
starting strain; this approach identified mutations within
hsh155 (SF3B1), cus1 (SF3B2), and rse1 (SF3B3), which
were confirmed by Sanger sequencing. Thus, whenmutat-
ed,many components ofU2 snRNPcan result in improved
splicing of the U257C reporter; however, the most abun-
dant source of mutants from this open screen was hsh155
(SF3B1) (Fig. 2B).

We further tested the four obtained hsh155 alleles with
other suboptimalACT1-CUP1 splicing reporters and con-
firmed that all alleles modulated substrate selectivity
only at branch-flanking positions (Fig. 2C), analogous to
the above-tested human disease hsh155 alleles.

Hsh155p/SF3B1HEATs 1–6 and 9–12 interact with Prp5p

As stated above, hsh155 mutants phenocopied the ef-
fects on sensitive splicing reporters that prp5 mutants
had shown previously (Xu and Query 2007). This sug-
gested the possibility of a direct mechanistic contribu-
tion between Hsh155p/SF3B1 and Prp5p. To test for
direct Hsh155p–Prp5p binding and identify interaction
domains/motifs, we purified a number of truncated
recombinant GST-Hsh155p proteins (representing a tiled
array) and His-Prp5p protein from Escherichia coli (Sup-
plemental Table S1) and performed in vitro binding and
pull-down assays using Ni agarose beads (Fig. 3A). Full-

Tang et al.

2712 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on August 26, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.291872.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.291872.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.291872.116/-/DC1
http://genesdev.cshlp.org/
http://www.cshlpress.com


length Prp5p (FL) efficiently pulled down HEATs of
Hsh155p, including HEATs 1–8, 5–12, and 9–16 (Fig. 3B,
lanes 2–4), but not other fragments (the N-terminal
domain, HEATs 13–20, and HEATs 17–22) (Fig. 3B, lanes
1,5–6).
Next, we prepared shorter Hsh155p fragments with

only four HEATs for pull-down assays. Within HEATs 9–
16, HEATs 9–12 were sufficient for binding to Prp5p,
whereas HEATs 13–16 were not (Fig. 3C, lanes 3–4). With-
inHEATs 1-8, neitherHEATs 1–4norHEATs 5–8 could be
pulled down by Prp5p (Fig. 3C, lanes 1–2). However,
HEATs 1–6 retained binding to Prp5p (Fig. 3D). These re-
sults identify two distinct Prp5p-interacting regions in
Hsh155p:One isHEATs1–6, and the other isHEATs9–12.
We also investigated the region of Prp5p required to in-

teract with Hsh155p (Fig. 3A). In contrast to full-length
Prp5p, two truncated Prp5p proteins without their N-ter-
minal regions (amino acids 1–206), ΔNand ΔN&ΔC, could
not pull down Hsh155p HEAT repeats. However, truncat-
ed Prp5p that lacked the C-terminal region, ΔC, still effi-
ciently pulled down Hsh155p HEAT repeats (Fig. 3E).
Althoughwewere unable to express and test the N-termi-
nal domain directly, these results imply that the N-termi-
nal region of Prp5p is required for interactionwith the two
regions of Hsh155p.

Directed screen for hsh155 alleles that improve splicing
of BS mutant U257C yields disease-prevalent mutations

To stringently test the region of Hsh155p that contributes
to BS selectivity and Prp5p interaction, we performed a di-
rected yeast genetic screen for hsh155 alleles at the
Hsh155p–Prp5p interaction interface that alter splicing
activity of BS-U257Cmutant reporter, which is more sen-
sitive and has a greater range for improvement than other
BS mutant reporters, using error-prone PCR products of

hsh155. To generate randomly mutated hsh155 alleles,
PCR products containing the mutated hsh155 region
(from the N terminus to HEAT 11; nucleotides 1–1604)
(Fig. 4A) were cotransfected with linearized wild-type
HSH155-LYS2 plasmid into a yeast shuffle strain that car-
ries HSH155 on a URA plasmid followed by homologous
recombination (gap repair) and 5-FOA selection to remove
the wild-type HSH155-URA. We obtained >200 hsh155
alleles that improved splicing of the BS-U257Cmutant re-
porter, most of which contained multiple-residue chang-
es. We then chose the strongest alleles and made new
hsh155 alleles that isolated each of themutations. Copper
reporter assays of these single-residue mutated hsh155
alleles confirmed 22 alleles that improved splicing of
the BS-U257Cmutant (listed in Fig. 4B). None of these al-
leles exhibited growth defects at 16°C, 30°C, or 37°C
(Supplemental Fig. S2A), consistent with nearly all yeast
introns having canonical BS sequences (UACUAAC) and
with changes in copper tolerance being due only to splic-
ing of the reporter gene. All of the mutated residues are
located in the HEAT motifs from 3 to 9; none are in the
N-terminal domain, correlating with the location of the
two Prp5p-interacting regions identified above.
Three alleles—hsh155-E291G, hsh155-H331R, and

hsh155-D450G (Fig. 4B, asterisks)—have mutations at
the same residues as SF3B1 disease-related mutations
(Wang et al. 2011; Yoshida et al. 2011; Quesada et al.
2012). Another three alleles—hsh155-L244P, hsh155-
L279R, and hsh155-L313S—significantly improved splic-
ing of BS-U257C up to twofold to threefold in comparison
with the wild-type HSH155 allele (maximum growth on
copper plates was increased from 0.25 mM to 0.8 mM or
0.5mM). Located in HEATs 4, 5, and 6, respectively, these
three mutated residues are all leucine, which is a con-
served residue in the helix A region of most of the 22
HEATs in Hsh155p (Fig. 4C) and other HEAT repeat-

Figure 2. Screen for factors that improve splicing of
the BS-U257C suboptimal BS–U2 duplex substrate.
(A) Strategy for the UVmutagenesis screen of S. cere-
visiaemutant alleles that improve splicing of the BS-
U257C mutant reporter. Mutations were identified
by a combination of traditional genetics and genome
sequencing techniques (see the Results). (B) List of
identified yeast alleles with enhanced splicing activi-
ty of BS-U257C. (C ) Only intron mutations reducing
the BS–U2 duplex stability (U257C and A258C) are
sensitive to screened alleles, whereas others are not.
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containing proteins, such as phosphatase 2A subunit
PR65/A and Importin-β (Wang et al. 1998; Cingolani
et al. 1999; Groves et al. 1999; Neuwald and Hirano
2000), suggesting that these leucine residues are critical
in both the structure and function of Hsh155p. Thus,
throughawider screenofhsh155 alleles (fromtheNtermi-
nus to the 11th HEAT), we obtained a number of hsh155
mutants that alter splicing of BS-U257C, including muta-
tions found in human diseases. (We note that the nature of
the screenallowed for identificationof onlyalleles that im-
prove splicing and not alleles that exacerbate splicing de-
fects.) These results confirm that disease-related alleles
represent prominent mutations that can alter splicing of
suboptimal branch regions and identify additional SF3B1
mutations that may similarly contribute to disease.

Selected hsh155 alleles alter splicing fidelity
at the BS and in vitro Prp5p interaction

To further address splicing proofreading at the branch re-
gion by Prp5p–Hsh155p interaction, we chose 10 repre-
sentative hsh155 alleles that have mutations in HEAT 4

(L244P), HEAT 5 (L279R, E291G, and N295D), HEAT 6
(L313S, S323P, H331R, H331D, and K335N), and HEAT
9 (D450G) (Fig. 4C). All were obtained from either our ge-
netic screens or human diseasemutations (Fig. 4C) and al-
tered splicing activities of suboptimal branch region
substrates (Figs. 1D, 4B).

First, we confirmed that the hsh155 alleles selected
from the error-prone PCR screen altered splicing fidelity
only at the branch region. Compared with the wild-type
HSH155 allele, none of the selected hsh155 alleles
changed splicing activities of the wild-type, 5′SSmutated,
or 3′SS mutated reporters (Fig. 5). Among them, hsh155
alleles—L244P, L279R, E291G, L313S, S323P, H331R,
and D450G—significantly improved the splicing of
BS mutant reporters (Fig. 5A, top; Supplemental Fig.
S2C). Importantly, hsh155 alleles—N295D, K335N, and
H331D, which are mutations present in human diseases
and did not come from our screens—significantly inhibit-
ed the splicing of BS mutant reporters (Fig. 5B, top;
Supplemental Fig. S2C) while having no obvious growth
defects (Supplemental Fig. S2B). These data demonstrate
that all of the selected hsh155 alleles specifically alter

Figure 3. Identification of interacting motifs between Hsh155p and Prp5p by in vitro protein interaction assays. (A) Schematic of do-
mains/motifs in Hsh155p and Prp5p. (B) HEATs 1–8, 5–12, and 9–16 of Hsh155p are pulled down by Prp5p, whereas other regions are
not. (C ) HEATs 9–12 of Hsh155p are sufficient for binding to Prp5p. (D) The integrity of HEATs 1–6 is important for their interaction
with Prp5p. (E) The N terminus of Prp5p is required for Hsh155p–Prp5p interaction. GST-tagged Hsh155p and 6xHis-tagged Prp5p
were expressed and purified from E. coli. Pull-down assays were performed using Ni-NTA agarose beads, and GST alone was used as neg-
ative control.
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splicing fidelity at the branch region and fall into two
groups: either enhancing or exacerbating splicing of sub-
optimal BS substrates.
Second,we askedwhether the altered splicing fidelity at

the branch region by these hsh155 alleles was due to
changed Hsh155p–Prp5p interaction. To address this, we
performed in vitro protein–protein interaction assays.
For hsh155 alleles that improved splicing of BSmutant re-
porters, all of the proteins exhibited enhanced in vitro in-
teraction with Prp5p at various levels—in particular
mutant proteins Hsh155p-L313S and Hsh155p-H333R
(Fig. 5A, bottom). For hsh155 alleles that inhibited splic-
ing of BS mutant reporters (Fig. 5B, top), the Hsh155p
proteins showed a decreased in vitro interaction with
Prp5p—in particular mutant proteins Hsh155p-H331D
and Hsh155p-K335N (Fig. 5B, bottom). Strikingly,
hsh155-H331R and hsh155-H331D mutations provided
strong opposite effects. The Hsh155p-H331R mutant pro-
tein showed enhanced interaction with Prp5p (Fig. 5A,
lane 7), whereas the Hsh155p-H331D mutant protein
showed decreased interaction (Fig. 5B, lane 3), suggesting
that the residue charge at this position is critical for
Hsh155p–Prp5p interaction.
In addition, we previously identified prp5-DPLD mu-

tant alleles in the conserved DPLD motif at the N termi-
nus of Prp5p to improve splicing of BS mutant reporters
(Shao et al. 2012). In vitro protein–protein interaction as-
says, as above, revealed that Prp5-DPLD-to-APLD and

Prp5-DPLD-to-AAAA mutant proteins pulled down
more Hsh155 protein, including HEAT 1–8, 5–12, and 9–
16 fragments, at constantly mild levels (Fig. 5C) and did
not pull down the HEAT 13–20 fragment (analogous to
wild-type Prp5p), demonstrating that the Prp5p DPLD
motif is involved in the Prp5p–Hsh155p interaction.
In summary, there is a correlation between the in vitro

Hsh155p–Prp5p interaction and in vivo splicing fidelity at
the BS region: Hsh155p or Prp5p mutations that increase
Hsh155p–Prp5p interaction in vitro enhance splicing of
suboptimal BS mutant reporters; in contrast, Hsh155p
mutations that decrease the Hsh155p–Prp5p interaction
in vitro exacerbate splicing of suboptimal BS mutant
reporters.

Increased Prp5p–Hsh155p interaction leads to an
increased release of Prp5p from the prespliceosome

Prp5p was demonstrated to be essential for prespliceo-
some assembly (Xu et al. 2004) and could be released im-
mediately after this assembly to allow recruitment of U4/
5/6 tri-snRNP (Liang and Cheng 2015). To investigate the
functional contribution of Prp5p–Hsh155p interaction in
prespliceosome assembly, we tested in vivo interactions
between Hsh155p and Prp5p proteins in budding yeast ly-
sates by coimmunoprecipitation using HA-tagged hsh155
or Flag-tagged prp5 allele strains. In comparison with the
wild-type HA-Hsh155p, mutant Hsh155p proteins that

Figure 4. Genetic screen for hsh155 alleles that alter
splicing of the BS-U257C reporter and potentially
change interaction with Prp5p. (A) Schematic of a ge-
netic screen for hsh155 alleles that were generated by
error-prone PCR and improve splicing of BS-U257C.
PCR products containing the mutated hsh155 region
(N terminus toHEAT 11) were cotransfectedwith the
linearized wild-type HSH155-LYS2 plasmid into a
yeast strain carrying the HSH155 gene on URA plas-
mid followed by homologous recombination (gap re-
pair). (B) Confirmation of 22 isolated single-residue
mutated hsh155 alleles that improve splicing of
U257C. (C ) Ten hsh155 alleles selected for further
analysis. Mutated sites in HEAT motifs are listed.
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previously exhibited increased in vitro interaction with
Prp5p (Fig. 5A) coimmunoprecipitated much less wild-
type Flag-Prp5p in vivo, such as Hsh155p-L313S,
Hsh155p-H331R, and Hsh155p-D450G (Fig. 6A, lanes 2–
4) as well as Hsh155p-L244P, Hsh155p-L279R, and
Hsh155p-E291R mutant proteins (Supplemental Fig.
S3A). Similarly, the DPLD motif mutants of Prp5p,
Prp5p-APLD and Prp5p-AAAA that showed increased
Hsh155p interaction in vitro (Fig. 5C) were coimmunopre-
cipitated much less by wild-type HA-Hsh155p in vivo
(Fig. 6B, lanes 1–3). However, Hsh155p-H331D and
Hsh155p-K335N that showed significantly decreased in
vitro Prp5p interaction (Fig. 5B) coimmunoprecipitated
amounts of wild-type Flag-Prp5p similar to those of
wild-type HA-Hsh155p (Fig. 6A, lanes 7–9).

To examinewhether the altered in vivoHsh155p–Prp5p
interaction was caused by an inefficient formation of the
SF3B complex, we tested and found that all Hsh155p pro-
teins coimmunoprecipitated the same amounts of Cus1p,

a yeast homolog to the human SF3B3 (Supplemental Fig.
S3B), consistent with the interactions between Hsh155p
mutant proteins and other SF3B subunits being unaltered,
as also found by Cretu et al. (2016).

Furthermore, we used quantitative RT–PCR to assess
whether disease-related SF3B1/Hsh155 mutations alter
the association of Prp5p with pre-mRNA and snRNAs in
vivo. As expected, in the presence of wild-type Hsh155p,
wild-type Flag-Prp5p efficiently coimmunoprecipitated
pre-mRNA, U1 and U2 snRNAs, and much less U4, U5,
or U6 snRNA (Fig. 6C), consistent with the previous re-
port that Prp5p is released before theU4/U6.U5 tri-snRNP
recruitment (Liang and Cheng 2015). However, wild-type
Flag-Prp5p coimmunoprecipitated much less U1 and
U2 snRNAs in the presence of hsh155 mutant allele
hsh155-L313S or hsh155-H331R, but similar levels of U1
and U2 snRNAs in the presence of the hsh155-H331D or
hsh155-K335N allele (Fig. 6D), consistent with the above
analyses of in vivo protein interactions (Fig. 6A);

Figure 5. hsh155 alleles that alter BS splic-
ing fidelity exhibit altered interaction with
Prp5p in vitro. (A) hsh155 alleles that im-
prove splicing of BS mutant reporters in
vivo (top) exhibit enhanced interaction
with Prp5p in vitro (bottom). (B) hsh155 al-
leles that inhibit splicing of BS mutant
reporters in vivo (top) exhibit inhibited in-
teraction with Prp5p in vitro (bottom). (C )
Prp5p-DPLD motif mutants that improve
splicing of BS mutant reporters (Shao et al.
2012) exhibit enhanced interaction with
Hsh155p in vitro. [Relative (%)] Prp5p im-
munoprecipitation efficiencies (IP/input)
were averaged from three independent re-
peats and normalized to the corresponding
wild-type protein.
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coimmunoprecipitated U4, U5, and U6 snRNAs were not
obviously changed (Supplemental Fig. S3C). Since these
hsh155 alleles had shown opposite effects on proofreading
at the BS region (i.e., hsh155-L313S and hsh155-H331R al-
leles enhanced splicing of BS mutants, whereas hsh155-
H331D and hsh155-K335N alleles inhibited) (Fig. 5), we
askedwhether the association of pre-mRNAof the BSmu-
tant for Prp5p was affected. Prp5p coimmunoprecipitated
much less wild-type ACT1-CUP1 reporter pre-mRNA in
the presence of the hsh155-L313S or hsh155-H331R allele
than in the presence of the wild-type Hsh155 allele but
more wild-type pre-mRNA in the presence of the
hsh155-H331D or hsh155-K335N allele (Fig. 6D, right).
Furthermore, the association of U257C pre-mRNA, a BS
regionmutant, exhibited a pattern similar to Prp5p but rel-
atively more than the association with wild-type pre-
mRNA (Supplemental Fig. S3D). Taken together, these re-
sults suggested that prespliceosome assembly is altered in

the presence of mutant hsh155 alleles, in which interac-
tion between Prp5p and Hsh155p is critical and results in
different BS selection.
To address the difference between the in vivo and in vi-

tro interaction assays, we hypothesized that direct Prp5p–
Hsh155p interaction facilitates prespliceosome forma-
tion, and then Prp5p is released from the prespliceosome.
The in vitro assay (using purified proteins) would repre-
sent the Prp5p–Hsh155p interaction prior to the forma-
tion of the prespliceosome, whereas the in vivo assay
(using cell lysates) would represent their interaction after
prespliceosome formation. To test this hypothesis, we
performed a “high-salt disruption” assay in which yeast
cell lysate was incubated with glucose followed by high-
salt (1 M NaCl) treatment to disrupt pre-existing com-
plexes and then was adjusted back to normal salt before
the coimmunoprecipitation (Fig. 6E, left). Interestingly,
after the disruption by high salt, we observed stronger

Figure 6. Conformational changes of the prespliceosome are affected by interaction between Prp5p and Hsh155p. (A, left) Hsh155p mu-
tants that enhanced in vitro Prp5p interaction had decreased in vivo affinity with Prp5p. (Right) In contrast, Hsh155pmutants that inhib-
ited in vitro Prp5p interaction had no obvious altered in vivo affinitywith Prp5p. (B) TheDPLDmotifmutant Prp5p that enhanced in vitro
Hsh155p interaction had decreased in vivo affinity with Hsh155p. (C ) Prp5p significantly associates with U1, U2 snRNAs, and pre-
mRNA. (D) In the presence of the hsh155-H313S or hsh155-H331R allele, Prp5p’s associations with U1, U2 snRNA, and pre-mRNA
are significantly decreased but not in the presence of the hsh155-H331D or hsh155-K335N allele. (E) Disruption of complex conformation
by high salt restores the interaction between Hsh155p and Prp5p. In vivo pull-down assays in A, B, and E were performed by HA beads
against HA-Hsh155 and visualized by Western blotting. RT-qPCR assays in C and D were performed by Flag beads against Flag-Prp5p.
[Relative (%)] Prp5 immunoprecipitation efficiencies (IP/Input) were averaged from three independent repeats and normalized to the cor-
responding wild-type protein. Brown and green labels represent two opposite groups of hsh155 alleles. (∗) P < 0.05; (∗∗) P < 0.01.
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interaction between Prp5p and Hsh155p-H331R, whereas
a mock treatment still exhibited decreased interaction, as
in the previous in vivo assay (Fig. 6E, middle). For the mu-
tant hsh155-K335N representing the opposite class, we
observed a decreased interaction with Prp5p after the dis-
ruption treatment, whereas the mock still showed similar
interaction as in the above in vivo assay (Fig. 6E, right).

Taken together, results from the in vitro assays, the nor-
mal-salt lysate, and the high-salt disruption lysate imply
that Hsh155p–Prp5p interaction is dynamic before and af-
ter prespliceosome assembly. These results are compati-
ble with a model in which strong interaction between
Hsh155p and Prp5p allows fast formation of complex A
and then a quick or enhanced release of Prp5p. In contrast,
in this model, a weakened Hsh155p–Prp5p interaction
would slow the release of Prp5p.

Discussion

A better molecular and cellular understanding of the con-
sequences of HEAT repeat mutations on the normal func-
tions of SF3B1 could greatly inform the role of mutant
SF3B1 inMDS etiology. Our biochemical data in yeast in-
dicate that the HEAT repeats of Hsh155p/SF3B1 interact
with Prp5p, the first ATPase that acts during spliceosome
assembly. Prp5p physically bridges between U1 snRNP
(which identifies the 5′ end of the intron) and U2 snRNP
(which identifies the 3′ end of the intron) and catalyzes a
conformational change that locks U2 snRNP onto the in-
tron. As part of this mechanism, we identified physical in-
teractions between Prp5p and the HEAT repeats of
Hsh155p/SF3B1 that harbor the most abundant MDSmu-
tations; thesemutations alter both interactionwith Prp5p
and splicing in vivo and lead to a model of the molecular
mechanism of altered BS–U2 sequence specificity.

Genome-wide screen for factors that modulate branch
region selectivity yields (only) Hsh155p/SF3B1 and other
U2 snRNP components

The above data identified a select intron region that is af-
fected by hsh155/SF3B1 mutations (branch-flanking re-
gion). We previously observed exactly the same pattern
for prp5 mutants (Xu and Query 2007). This suggests
that there may be a special (i.e., mechanistic) relationship
between Hsh155p/SF3B1 and Prp5p; alternatively, it
could be that mutations in many factors produce this
splicing phenotype. It is important for clinical prediction
to distinguish these possibilities. To interrogate ge-
nome-wide what factors exhibit this phenotype, we used
a genome-wide UV mutagenesis screen. The selected
and confirmed strains were subjected to genomicDNA se-
quencing followed by SNP analysis compared with the
starting strain; this approach identified mutations mostly
within hsh155(SF3B1) and prp5, with a few in other SF3
components [cus1(SF3B2), rse1(SF3B3), and prp9(SF3A3)].
Thus, the most abundant source of mutants from this
open screenwashsh155(SF3B1) (Fig. 2B).We further tested
the four obtained hsh155 alleles with other suboptimal

ACT1-CUP1 splicing reporters, confirming that all of
them modulate splicing activity only at branch-flanking
sites (Fig. 2C). Thus, SF3B1 mutants phenocopy Prp5 mu-
tants, and only mutations in a few other SF3 components
produce similar effects.

Direct Prp5p–Hsh155p interaction

The similarity of hsh155/SF3B1 and prp5 mutant pheno-
types, together with our previous results that Prp5p binds
U2 snRNP, suggested that they might be direct binding
partners. We tested this by making recombinant His-
Prp5p protein and GST-Hsh155p/SF3B1 proteins and per-
formed in vitro binding and pull-down assays. We tested a
set of tiled overlapping fragments and found two regions of
Hsh155p/SF3B1 that bind to Prp5p (HEATs 1–6 and 9–12),
which are the same HEAT domains that contain the
Hsh155p/SF3B1 mutations of interest (Figs. 1, 3).

The contribution of Prp5p–Hsh155p interaction
to spliceosome assembly

In recent structures of the spliceosome (Rauhut et al. 2016;
Yan et al. 2016) and of SF3B alone (Cretu et al. 2016), the
SF3B complex forms a “spring-loaded clamp”-like struc-
ture in which Hsh155p/SF3B1 is the “spring” and the
BS–U2 duplex is “clamped” between the first and last
HEAT domains of Hsh155p/SF3B1 (Supplemental Fig.
S4). There are two times during spliceosomal assembly
when the Hsh155p/SF3B interaction with the BS–U2 du-
plex changes: (1) In complex A formation, it forms the sta-
ble U2 snRNP–BS complex, mediated by Prp5p ATPase
activity (Xu and Query 2007). (2) In transition from the
Bact to the C complex, this interaction is disrupted, and
the SF3B complex is released, mediated by ATPase Prp2p
(Warkocki et al. 2009; Lardelli et al. 2010). Both Prp5p
and Prp2p interact with similar parts of the Hsh155p/
SF3B1 HEAT repeats (Supplemental Fig. S4; Yan et al.
2016). Prp2p is proposed to open the Hsh155p/SF3B1 to-
rus-like structure to release it from the BS–U2 duplex
(Warkocki et al. 2009; Rauhut et al. 2016). We propose
that Prp5p likewise opens the Hsh155p/SF3B1 torus to al-
low for binding to the BS–U2 duplex during prespliceo-
some (complex A) formation. Notably, in the Bact

complex, the SF3B component Snu17p binds to the same
HEATs as Prp5p (Rauhut et al. 2016), possibly preventing
Prp5p interaction subsequent to complex A formation.

Thus, in this model, Prp5p interaction with HEATs 5–
12 of Hsh155p/SF3B1 opens the Hsh155p/SF3B1 torus to
load the BS–U2 duplex into the clamp, holding it until
the remainder of the spliceosomal catalytic core is built.
Then, just before the first catalytic step, Prp2p opens the
Hsh155p/SF3B1 clamp again, allowing the BS–U2 duplex
to move into the catalytic core and participate in first-
step catalysis.

Hsh155p/SF3B1 mutations alter BS–U2 duplex fidelity

It is clear that at least four spliceosomal ATPases impact
the splicing of suboptimal introns. In each case, mutant
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alleles that decrease ATPase activity are thought to allow
more time for a limiting event preceding a conformational
change. prp5 alleles improve splicing of branch regionmu-
tants by allowingmore time for duplex formationwithU2
snRNA (Xu and Query 2007), prp28 alleles improve splic-
ing of 5′SS mutants (Yang et al. 2013), prp16 alleles im-
prove substrates suboptimal for first-step catalysis by
allowing a longer dwell time in the first-step conformation
(Konarska and Query 2005; Villa and Guthrie 2005), and
prp22 alleles improve splicing of substrates suboptimal
for second-step catalysis (e.g., 3′SS mutants) by allowing
a longer dwell time in the second-step conformation (Ma-
yas et al. 2006). These common features were proposed
(Burgess and Guthrie 1993) to similarly affect a preceding
event, in each case limiting for different sets of (subopti-
mal) intron features or other spliceosomal interactions.
Hsh155p interaction with Prp5p is key to understand-

ing the consequences of SF3B1 disease-related mutations
on splicing. Competition between the ATPase activity
of Prp5p and the stability of the BS–U2 snRNA duplex im-
pacts branch region fidelity: Alteration of Prp5p’s ATPase
activity can increase (slower ATPase) or decrease (faster
ATPase) use of suboptimal BSs (Xu and Query 2007;
Shao et al. 2012; Zhang et al. 2013). hsh155 alleles affect
splicing of exactly the same suboptimal BS–U2 pairings
as prp5 alleles (cf. Figs. 1,2,5; Supplemental Fig. S2 with
Xu and Query 2007). We previously observed in fission
yeast S. pombe that Prp5p binds U2 snRNP through the
SF3B complex (Xu et al. 2004; Shao et al. 2012). Here, we
show that Hsh155p/SF3B1 HEAT repeats are the interface
for the Prp5–U2 snRNP interaction (Fig. 3). SF3B1 HEAT
repeat mutations alter interaction with Prp5 (Figs. 5,6),
and we conclude that this altered SF3B1–Prp5 interaction
causes changes in the use of suboptimal BSs (fidelity).

The meaning of mutations and changes in BS fidelity

In the above model, Prp5p–Hsh155p/SF3B1 interaction
promotes prespliceosome formation (complex A) and
then release of Prp5p. These findings lead us to propose
that mutations in Hsh155p or Prp5p that increase
Prp5p–Hsh155p interaction accelerate prespliceosome
formation and, subsequently, a fast release of Prp5p; this
specifically suppresses splicing defects caused by subopti-
mal BS region substrates. Conversely, mutations that
decrease Prp5p–Hsh155p interaction slowprespliceosome
formation and lead to slowed release of Prp5p; this exacer-
bates splicing defects of suboptimal BS substrates (Fig. 7).
These observations are consistentwith recent studies of

human SF3B1 mutants. For example, an intron from the
human ZDHHC16 gene has the BS sequence AAACUAC
(CU is equal to the combination of BS-U257C and BS-
A258U mutant reporters used here), and wild-type
SF3B1 uses this as the branch point. However, in the pres-
ence of mutant SF3B1-K666N (hsh155-K335N or hsh155-
K700E), an upstream cryptic BS sequence (CUAAC) was
used in which the UA is exactly our yeast wild-type re-
porter sequence (Darman et al. 2015). Similarly, the
weak SF3B1-K666T (hsh155-K335T) and SF3B1-R625G
mutants prefer cryptic branchpoint sequences that have

stronger pairing with U2 snRNA (Alsafadi et al. 2016). To-
gether, these examples demonstrate that weaker Prp5–
SF3B1 interaction resulted in higher fidelity at the BS re-
gion in the human system.
Mutations found in human diseases (such as SF3B1-

H662R from uveal melanoma and its yeast homolog,
Hsh155p-H331R) were also found in our screen and in-
creased splicing of suboptimal BS substrates. In contrast,
SF3B1-H662D and SF3B1-K666N were found in patients
withMDS or CLL; their yeast homologs resulted in an op-
posite impact by increasing splicing fidelity (decreased
splicing) at the BS region. Thus, not all SF3B1 mutations
found in disease impact splicing in the same way,
The most highly mutated SF3B1 position in MDS and

other cancers, K700, resides within a loop that connects
two α helices at HEAT repeat 7 (Quesada et al. 2012; Vis-
conte et al. 2012). Recently, it was reported that the
U2 snRNP SF3B complex has conformational changes
from a closed stage to an open stage to allow interactions
with other spliceosomal components and the BS (Golas
et al. 2003). Specifically, SF3B1 HEAT repeats 1–12 are
on the surface of the complex at the closed stage, whereas
they are covered by other components during the open
stage (Golas et al. 2005). This suggests that SF3B1 C-ter-
minal HEAT repeats present an additional interface be-
tween U2 snRNP and other spliceosomal components
and that its conformations might regulate splicing activi-
ty. The conformational changes that occur during spliceo-
somal assembly, besides being dependent on the action of
nucleic acid-dependent ATPases, confer kinetic proof-
reading for splice site selection (Wahl et al. 2009; Semlow
et al. 2016). The early entry of U2 snRNP in the spliceoso-
mal assembly process and its interaction with Prp5 (Xu
and Query 2007; Shao et al. 2012), an ATPase essential
for prespliceosomal formation and fidelity, lead us to hy-
pothesize that the consequences of SF3B1 disease-related
mutations were at this stage.
An alternative model could be based on the observa-

tions that Prp5 bridges U2 to the substrate through Prp5
binding to U1 (Xu et al. 2004; Shao et al. 2012) and that
this bridging function depends on the stability of tethering
U2 to U1 via the Prp5p–Hsh155p interaction. In this mod-
el, strong interactions would facilitate recruitment of U2
snRNP and thereby binding to weaker BSs.

Disease and yeast genetic screen mutations
of SF3B1/hsh155

In this study, we performed two genetic screens in yeast
and obtained a number of hsh155 mutants with various
abilities to alter splicing activity on suboptimal BS report-
ers. Many of these screened yeast mutations have con-
served counterparts in human diseases, including MDS,
CLL, and other diseases or tumor cell lines such as uveal
melanoma, prostate cancer, breast cancer, and colorectal
cancer (Supplemental Table S4). This result demonstrates
the functional conservation of SF3B1/Hsh155p between
humans and budding yeast. Of note is that all human dis-
ease-related mutants rank in this list at the middle or low
levels to alter splicing of suboptimal BS mutants,
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implying that strong mutations of SF3B1 in humans may
be lethal.

Materials and methods

Strains and plasmids

S. cerevisiae strains used in this study were derived from yTQ01
(MATa, ade2, cup1Δ::ura3, his3, hsh155Δ::loxP, leu2, lys2,

prp5Δ::loxP, trp1, pRS314-PRP5 [PRP5 TRP1 CEN ARS],
pRS316-HSH155 [HSH155 URA2 CEN ARS]) and are listed in
Supplemental Table S2. Plasmid-borne alleles of prp5, hsh155,
andACT1-CUP1 reporters were prepared by either in vivo gap re-
pair cloning or traditional cloning using E. coli.

Identification of mutants by genomic sequencing

and SNP analysis

DNA libraries were prepared by spheroblast formation and lysis
followed by phenol extractions, ethanol precipitation, DNA frag-
mentation, ligation of Illumina adaptors, and sequencing using an
Illumina HiSeq2000 instrument at the Einstein Epigenomics
Core facility. Raw FASTQ reads from each mutant yeast strain
were quality-trimmed for adapter sequences using QUaRT (qual-
ity score aware read trimming) and then mapped to the sacCer3
genome using BWA mem version 0.7.5a (Li and Durbin 2009)
with default parameters. Locations of SNPS/indels relative to
the wild-type strain were identified using Unified Genotyper
from the GATK toolkit (McKenna et al. 2010), which was then
queried for known spliceosomal protein genes (Cvitkovic and Jur-

ica 2013). Data were deposited into BioProject under accession
number PRJNA356455.

Screening of hsh155 alleles in S. cerevisiae

Wild-type HSH155 on pRS317(LYS2) plasmid was digested by
AfeI and SphI and transformed with a pool of error-prone PCR
products covering nucleotides +1 to +1604 of the HSH155 CDS
for gap repair in the yTQ01 strain that containedACT1-CUP1 re-
porter U257C. Transformants were replicated to 5-FOA plates to
lose theURA3-marked wild-typeHSH155 plasmid and then rep-
licated to select for higher resistance to copper. Subsequent steps
for identification and confirmation of hsh155 alleles were carried
out as described (Xu and Query 2007). Error-prone PCR was per-
formed using buffer containing 0.15 mM MnCl2, 0.05 U/µL Taq

DNA polymerase, and 80 pg/µL template for 15 cycles to intro-
duce three to 10 mutants per product (Wilson and Keefe 2001),
which were then gel-purified and used for gap repair cloning.

Copper reporter assay

Copper assays were carried out as described (Lesser and Guthrie
1993; Xu and Query 2007). Plates were scored by the maximum
copperconcentrationsof straingrowthandphotographedafter 4 d.

Recombinant protein expression and purification

To generate GST-tagged Hsh155p proteins and 6xHis-tagged
Prp5p proteins, sequences ofHSH155 or PRP5wild type and their
mutant fragments were cloned into pGEX-4T-1 and pET-14b

Figure 7. Hsh155p/SF3B1 HEAT motif mutations alter its interaction with Prp5p and result in changes to splicing fidelity at the BS re-
gion. (A) Summary of phenotypes of selected Hsh155p/SF3B1 mutations from both cancers and yeast genetic screens. (B) Interaction be-
tween Prp5p and Hsh155p/SF3B1 promotes prespliceosome formation (complex A) and then leads to the release of Prp5p. In this model,
mutations in Hsh155p or Prp5p that increase the Prp5p–Hsh155p interaction accelerate prespliceosome formation and, subsequently, fast
release of Prp5p and also specifically suppress the splicing defects caused by suboptimal BS region substrates. Conversely, mutations that
decrease the Prp5p–Hsh155p interaction slow down the formation of prespliceosomes and slow the release of Prp5p, thereby exacerbating
the splicing defects of suboptimal BS substrates.
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vectors, respectively (Supplemental Table S1). Recombinant pro-
teins were induced by 1.0 mM IPTG and expressed in E. coli (Ro-
setta) for 20 h at 16°C and then purified by either glutathione-
sepharose (GE) or Ni agarose (Qiagen) chromatography under
standard conditions followed by dialysis against buffer D (20
mM HEPES-KOH at pH 7.9, 0.2 mM EDTA, 100 mM KCl, 0.5
mM dithiothreitol [DTT], 1 mM phenylmethylsulfonyl fluoride
[PMSF], 20% glycerol).

In vitro protein–protein interaction

Purified Hsh155p (10 pmol) and Prp5p (40 pmol) proteins were in-
cubated in 600 µL with binding buffer (20 mM Tris-Cl at pH 8.0,
150 mM NaCl, 1mM EDTA, 0.2% Triton X-100, 0.5 mM PMSF)
for 4 h at 4°C with Ni agarose. Bead pellets were washed four
times with washing buffer (50 mM Tris-Cl at pH 8.0, 140 mM
NaCl, 1 mM EDTA, 0.1% Triton X-100) and then resuspended
in 50 µL of sample loading buffer for SDS-PAGE electrophoresis.
Hsh155p and Prp5pwere detected byWestern blotting using anti-
GST (GST-2) and anti-polyhistidine (His-1) monoclonal antibod-
ies from Sigma.

Coimmunoprecipitation and RT-qPCR

Sequences encoding 3xFlag and 3xHA epitopeswere inserted into
the 5′ ends of PRP5 and HSH155 ORFs on pRS plasmids, respec-
tively, which were then transformed into strain yTQ01 followed
by growth to lose wild-type sequence-containing plasmids. One-
hundred milliliters of each cell culture at OD 1.7 was harvested
and broken by glass beads to generate a clear lysate in 700 µL of
lysis buffer (20 mM Tris-Cl at pH 8.0, 150 mM NaCl, 1 mM
EDTA, 1% Triton X-100, 1 mM PMSF, 1× proteinase inhibitor
[Roche]), and an additional 200 U/mL RNase inhibitor (Thermo)
was used for RNA isolation. Cell lysates were then incubated
with anti-HA-agarose beads (Sigma) and washed five times with
lysis buffer; and the pellets were resuspended in 50 µL of 1×
SDS sample buffer, which was loaded either directly to a SDS-
PAGE gel for Western blotting analysis using anti-Flag (M2,
Sigma) and anti-HA (12CA5, Roche)monoclonal antibodies or to-
gether with 12.5 ng of in vitro transcribed human GAPDH RNA
(Thermo) for total RNA isolation and RT-qPCR. After DNase I
digestion, reverse transcriptionwas performed by Revert Aid first
strand cDNA synthesis kit (Thermo) with random primers, and
the obtained cDNAs were diluted and amplified in triplicate by
a CFX Connect real-time PCR machine (Bio-Rad) using SYBR
Green real-time PCRmaster mix (Toyobo) according to the man-
ufacturer’s protocol. Primers for quantitative PCR are listed in
Supplemental Table S3.

High-salt disruption

Yeast cell lysateswere incubatedwith 1mMglucose for 10min at
25°C to deplete the endogenousATP, and then the salt concentra-
tionwas adjusted to 1MNaCl followed by incubation for 1 h at 4°
C. The lysates were diluted to return salt concentration to 150
mMfor 3 h at 4°C followed by centrifugation to remove any aggre-
gates. Coimmunoprecipitation and Western blotting were then
carried out as described above.
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